were determined by hydrocarbon adherence, hydrophobic interaction, and electrostatic interaction chromatography. Surface charge and hydrophobicity were compared with the initial attachment values and rates of attachment of the bacteria to meat surfaces. There was a linear correlation between the relative negative charge on the bacterial cell surface and initial attachment to lean beef muscle (r2 = 0.885) and fat tissue (r2 = 0.777). Hydrophobicity correlated well with attachment to fat tissue only. The relative hydrophobicity of each bacterium was dependent on the specific method of determination, with wide variations noted between methods.
were determined by hydrocarbon adherence, hydrophobic interaction, and electrostatic interaction chromatography. Surface charge and hydrophobicity were compared with the initial attachment values and rates of attachment of the bacteria to meat surfaces. There was a linear correlation between the relative negative charge on the bacterial cell surface and initial attachment to lean beef muscle (r2 = 0.885) and fat tissue (r2 = 0.777). Hydrophobicity correlated well with attachment to fat tissue only. The relative hydrophobicity of each bacterium was dependent on the specific method of determination, with wide variations noted between methods.
Bacterial attachment is influenced by cell surface charge (9) , hydrophobicity (4) , and structures, including extracellular polysaccharides (8) and flagella (15) . There is disagreement over the role of surface structures, since nonfimbriated (14) and nonflagellated (13) cells have been reported to attach at rates similar to those of cells which possess these structures. However, other reports indicate that motile bacteria attach to surfaces more rapidly than nonmotile strains (2, 5) . The actual role of flagella in attachment is probably dependent on the specific strain of bacterium as well as growth conditions.
Relative hydrophobicity of bacterial cells has been characterized by bacterial adherence to hydrocarbons (BATH) (20) , hydrophobic interaction chromatography (HIC) (4, 12, 22) and contact angle (27) . These methods have been reviewed by Rosenberg and Kjelleberg (20) , and each has specific advantages and disadvantages. Although HIC has been used extensively, there is some concern that there may be a filtration effect or nonspecific binding of the bacteria by the column gel (16) . Recently, BATH with hexadecane appears to have been validated by the use of bioluminescence (25) . However, considerable variation in relative hydrophobicity has been reported, depending on the method of determination (6) .
Bacterial cells have a net negative charge on the cell wall (3), although the magnitude of this charge varies from strain to strain. Cell surface charge of bacterial cells has been characterized by electrostatic interaction chromatography (ESIC) (10, 18). The problem of filtration or nonspecific binding to the resin, which has been associated with HIC, has not been reported with ESIC (18) . The usefulness of each technique and its relationship to bacterial attachment is probably influenced by the substratum to which the bacteria are being attached.
Van Loosdrecht et al. (26, 27) characterized bacterial cells by measuring hydrophobicity (measured by water contact angle) and electrophoretic mobility. They concluded that cell surface hydrophobicity was the major determining factor in attachment to negatively charged polystyrene. However, as the relative hydrophobicity decreased, electrophoretic mo-bility had more influence on attachment. Hydrophobicity has also been identified as an important factor in bacterial attachment to human epithelial cells (21) , soybean leaves (6), and air-water interfaces (4, 10).
Firstenberg-Eden et al. (7) determined an S value which was described as a measure of the relative strength of bacterial attachment to chicken and beef muscle surfaces. The S value measures the difference between bacteria which are physically attached to a surface and those which are loosely associated with a surface (e.g., trapped in a film of water covering the surface) [ phate buffer (18) . The harvested cells were washed in phosphate buffer and were suspended in sterile buffer for the chromatography experiments.
BATH. Hydrocarbon adherence was tested by the method of Sweet et al. (23) . For each strain, 2 4-ml volumes of washed cells were added to separate 13-mm-diameter test tubes. Two 4-ml volumes of phosphate buffer were added to two other test tubes. For both the bacterium and the buffer, one tube was used as a control and the other was used for the assay. A 1-ml volume of xylene (Fisher Scientific Co., Pittsburgh, Pa.) or hexadecane (Sigma Chemical Co., St. Louis, Mo.) was added to each assay tube. The tubes were allowed to equilibrate at 37°C for 10 min in a water bath, were vortexed for 15 s, and were incubated at 37°C for 30 min. After incubation, the aqueous layer was carefully removed from each assay tube and was transferred to a separate tube. Any excess hydrocarbon which was transferred was removed by bubbling air through the tubes for 1 min, at a flow rate of approximately 3 ml/s. The A540 was then measured on a Spectronic 20 (Bausch & Lomb., Inc., Rochester, N.Y.). The spectrophotometer was zeroed by using the control phosphate buffer, and the ratio of the absorbance of the bacterium assay to the absorbance of the bacterium control was calculated. The adjustment factor for the phosphate buffer assay tube was very small, averaging less than 0.005 absorbance units.
Chromatography. HIC and ESIC columns were prepared in manners similar to those described by Dahlback et al. (4) and Pedersen (18) , respectively. Pasteur pipettes (5-mm diameter) were plugged with glass wool and were washed with sterile phosphate buffer. The hydrophobic interaction columns were packed with a 1:1 (vol/vol) mixture of phenyl Sepharose CL-4B (Pharmacia, Uppsala, Sweden) and phosphate buffer to produce a gel height of 30 mm. The ESIC columns were packed with 1 ml of a 1:1 (wt/vol) suspension of the ion-exchange resin and phosphate buffer. Dowex chloride form (1 by 8) (Sigma; capacity, 1.2 meq/ml) was used for the anion resin, and Dowex hydrogen form (50 by 8) (Bio-Rad Laboratories, Richmond, Calif.; capacity, 1.7 meq/ ml) was used for the cation resin. The mesh size was 100 to 200 for both resins.
Prior to use, all columns were flushed with 10 to 15 ml of phosphate buffer. A 0.1-mI sample of the cell suspension was added and adsorbed onto the columns with 0.2 ml of phosphate buffer, while the cells in 1.0 ml of the suspension were simultaneously enumerated. The cells were eluted in the initial experiments with 3 5-ml volumes of phosphate buffer. However, it was found that >99.9% of the eluted bacteria were recovered in the first 10 ml. In all of the subsequent experiments, the cells were eluted with a single 10-ml wash. The initial cell suspensions and the eluted samples were plated on tryptic soy agar (Difco) by the pour plate technique (1) Attachment experiments. Lean beef muscle or fat tissue was cut into 0.5-cm slices and stored in sterile plastic bags at -10°C. Prior to use, the slices were aseptically cut into strips (1 by 2 cm; surface area, 7 cm2) and were thawed at room temperature. A 2-ml sample of harvested bacteria was diluted in 18 ml of phosphate buffer in a sterile beaker, and the tissue strips were inoculated in this mixture for 5 min.
The samples were aseptically transferred to 99-ml bottles of phosphate buffer at the specified time interval, and the bottles were gently inverted 25 times in a period of 15 s. The bacteria in the buffer were enumerated by the pour plate technique, and this population was described as loosely attached bacteria. The buffer was decanted, and the samples were transferred to 99 ml of phosphate buffer in stomacher bags and were homogenized for 2 min in a Stomacher 400 (Tekmar Co., Cincinnati, Ohio). The bacteria were enumerated as described above, and this population was described as strongly attached bacteria. The SR values were calculated as (strongly attached bacteria)/(loosely + strongly attached bacteria). The All of the bacterial strains tested exhibited greater negative charges than positive charges, with the exception of Serratia marcescens ( Table 2) . As with HIC, negative values are a reflection of the lack of precision of the method. There was some linear correlation between total charge (positive plus negative) and surface area (r2 = 0.750). B. subtilis had the largest surface area and greatest total charge, although E. coli had the second largest surface area but the least total charge. Attachment to meat surfaces. A higher percentage (greater SR value) of gram-positive bacteria attached to both fat and lean tissues in 5 min than of gram-negative bacteria (Table   3) . A higher percentage of Salmonella typhimurium and S. epidermidis attached to lean surfaces than to fat surfaces, although the other five bacterial strains attached preferentially to fat surfaces.
Relationship between hydrophobicity, surface charge, and attachment. The correlation coefficients for attachment and hydrophobicity and surface charge ( regressions could be fitted to the data in some cases with slightly higher r values, graphical presentation of the data did not indicate that these were justified. The greatest correlation was seen between BATH (hexadecane) and attachment to fat tissue, with an r value of 0.811, after S. aureus had been removed from the data set (Fig. 1) . The greatest correlation between hydrophobicity and attachment to lean tissue was seen with HIC, although the correlation was only 0.690. The relative negative charge as determined by ESIC correlated well with attachment to both tissue types, with r values of 0.885 and 0.777 for lean (Fig. 2) and fat ( Fig. 3) tissue, respectively. The correlation for lean tissue dropped from 0.885 to 0.754 when S. epidermidis was included in the data set. DISCUSSION The HIC and ESIC data for Salmonella typhimurium (Tables 1 and 2) were within the range of values reported by Hermansson et al. (10) , who evaluated several smooth and rough fimbriated and nonfimbriated strains of the bacterium. However, our data for Serratia marcescens did not correspond to their reported values. The differences could be attributed to variations between strains or to differences in the methodology. Hermansson et al. (10) used radiolabeled cells and based measurements on radioactivity retained in the gel and resins. For valid comparisons, the methodologies, particularly the physical dimensions of the columns as well as the flow rate, must be identical (19) . The major contributing factor to attachment to lean tissue was the net negative charge on the bacterial cell (Fig. 2) . The general lack of correlation between hydrophobicity and attachment was surprising, given the information in the literature. However, the different surface charges between substrata may well account for these differences. Most of the previous work has measured attachment to surfaces with defined charges, i.e., negatively charged polystyrene (9, 26, 27) . The sarcolemma of a muscle fiber is a complex of protein, mucopolysaccharide, collagen, and fibronectin (17) . Because of this, the surface charge would be expected to contain both positive and negative charges in different magnitudes, in many ways similar to the surface charge on a bacterial cell wall. Therefore, there would be attraction and repulsion by the positive and negative charges on both the bacterium and the substratum. Thomas and McMeekin (24) reported that Salmonella spp. attached primarily to collagen fibers in chicken muscle which had been immersed in water or physiological saline, and there may be a similar selective attachment to portions of lean beef tissue.
Although fat tissue is primarily hydrophobic lipid material, this material is contained within cell membranes, which are similar to the sarcolemma. However, the method of preparation of the tissue would have resulted in rupture of some of the cells, and this lipid material may have coated much of the tissue surface. This would make the surface hydrophobic and may explain the correlation between hydrophobicity and attachment. While this does complicate the interpretation of (27) indicated that attachment increased as both negative charge (electrophoretic mobility) and hydrophobicity (contact angle) increased. Our results are similar to these in that an increase in attachment to fat tissue surfaces correlated with an increase in both negative charge (ESIC; Fig. 2 ) and hydrophobicity (BATH hexadecane; Fig. 3 
